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Abstract

Spark-Assisted Chemical Engraving (SACE) is a promising method for machining

glass micro-parts and devices. However, intricate control requirements linked to the

gas film surrounding the tool present a significant challenge in SACE. While several

studies have explored the influence of SACE parameters on the gas film, there exists

a literature gap regarding the impact of voltage signal shapes on this film. The thesis

fills this void by investigating diverse voltage signal shapes designed to enhance the

gas film stability. A robust methodology was established linking gas film properties

to investigate the effects of signal shapes on the gas film. The research applied these

findings to machining applications, establishing correlations between signal shapes

and machining outcomes. Key contributions include a refined methodology for gas

film evaluation, advancements in understanding signal shapes’ impact on the pro-

cess, identification of optimal parameters, and potential improvements in machining

through a custom signal shape design.
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Chapter 1

Introduction

1.1 Background

Over the last few decades, the concept of miniaturization has captured the intrest of

both the academic and industrial worlds. Miniaturization o�ers promising solutions

in various �elds that allow for high resource utilization, tightly controlled microen-

vironments, multifunctional platforms, and automation [1]. Mechanical [2], optical

[3], and electrical [4] devices that are on a micro-scale are becoming more prominent

as the drive toward miniaturization continues. The devices' form, size, and mate-

rial must be addressed for the devices to be properly integrated and packaged in a

successful industrial product that can match consumer expectations for intelligence

and multifunctionality. Glass is a candidate material for fabricating micro parts and

devices as it possesses notable characteristics required in a wide range of applications

[5]. These characteristics include thermal resistivity, bio-compatibility, optical clarity,

chemical inertness, and renewability, to name a few [6].

Fabricating such material on a micro-scale requires speci�c micromachining capa-

bilities. Although glass o�ers a unique combination of characteristics and properties,

it is a hard and brittle material that cannot be conveniently fabricated on a micro-

level [7]. Long machining times, high machining costs, and poor surface quality make

manufacturing smooth, high-aspect-ratio structures challenging [8]. However, the

advancements in the micromanufacturing �eld have allowed for complex machining
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conditions, and geometries [9].

The Spark-Assisted Chemical Engraving process (SACE) stands out as a glass

microfabrication method with distinct trade-o�s in terms of the necessary attributes

within this �eld, especially when compared to other well-established processes. This

cost-e�ective process is capable of fabricating features with aspect ratios exceeding

10 while maintaining a surface roughness of less than 0.5�m at a relatively high

machining speed (up to 100�m=min ) [10]. SACE relies on thermally accelerated

etching, initiated by applying voltage between a tool electrode and a counter electrode

immersed in an electrolyte. Upon reaching a critical voltage, hydrogen gas bubbles

form a gas �lm around the tool electrode. The gas �lm e�ectively insulates the tool,

leading to a subsequent voltage drop. This drop induces a high electric �eld, resulting

in sparking arc discharges across the tool's surface.

1.2 Research Gap

SACE has shown promising results and stands as a viable choice for machining glass

microparts and devices. Yet, the gas �lm surrounding the tool electrode poses a sig-

ni�cant challenge in SACE applications due to its intricate control requirements. The

gas �lm experiences rapid recurring formation and breakdown cycles, occurring within

milliseconds, signi�cantly in
uencing the local electrolyte 
ow dynamics around the

tool and consequently a�ecting surface quality. Despite SACE's potential, its full

comprehension remains limited, primarily due to the lack of a well-de�ned correla-

tion between gas �lm properties and machining performance. In literature, several

studies have explored the impact of SACE parameters on the gas �lm. However, there

remains a gap in the literature concerning the in
uence of signal shapes on the gas

�lm. The need for a stable gas �lm becomes pivotal to ensure consistent machining

outcomes.
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1.3 Motivation and challenges

Literature acknowledges a strategy to enhance gas �lm stability by deliberately con-

trolling its thickness through controlled gas �lm generation and breakdown using a

pulsed voltage signal shape. This approach has demonstrated enhanced machining

quality. Nevertheless, further improvement can be realized by leveraging the hystere-

sis e�ect. Described initially by Kellogg in 1950, this e�ect allows for slight voltage

reduction (1-2 volts below the critical threshold) while preserving the gas �lm's pres-

ence around the tool. W•uthrich et al. [11] outlined this hysteresis phenomenon,

primarily attributed to the dynamics of bubble formation on the tool. However, this

approach hasn't been practically employed until now.

This thesis aimed to explore various voltage signal shapes, following Kellogg's

strategy. Given the absence of a de�ned correlation between gas �lm properties and

machining performance, a study was carried out to measure the gas �lm's physical

and dynamic properties. Signal processing helped analyze gas �lm patterns using

current-time plots. Critical dynamic parameters, including average lifetime, gas �lm

formation duration, and discharge current standard deviation and frequency, were

investigated. Physical parameters such as thickness, dimensions, and visual gas �lm

behavior were assessed using a high-speed camera. Once a robust methodology cor-

relating the gas �lm's physical and dynamic properties was established, this work

explored how di�erent signal shapes a�ect gas �lm behavior and their interaction

with other pivotal SACE parameters. The subsequent phase aimed to apply these

�ndings to a machining application to establish correlations between signal shapes

and machining outcomes. Finally, the thesis evaluated the proposed signal shapes

and explored avenues for further enhancement.
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Chapter 2

Literature Review

The following literature review delves into the studies of Spark Assisted Chemical

Engraving (SACE) and its aspects within the �eld of precision engineering. It com-

mences with a comprehensive survey of SACE. Following this, the focus turns to the

machining characteristics intrinsic to SACE. This includes an in-depth exploration of

the operational principles that govern SACE, encompassing a detailed analysis of its

machining mechanism, as well as the pivotal parameters that underpin its e�ciency.

Furthermore, this review extends its study to the gas �lm phenomenon. It explains

the mechanisms responsible for gas �lm formation and o�ers insights into the fac-

tors in
uencing the stability of the gas �lm. A profound understanding of gas �lm

behavior is crucial, as it directly impacts the precision and e�ectiveness of SACE.

2.1 Spark Assisted Chemical Engraving (SACE)

In 1968, Karafuji and Suda conducted the pioneering investigation of SACE, introduc-

ing the concept of electrochemical discharge phenomena and reporting the successful

etching of micro-holes in glass [12]. Subsequently, various names have been used to

refer to this process, including 'Discharge Machining of Nonconductors' by Cook et

al. [13], 'Electrochemical Arc Machining' by Kubota [14], 'Electrochemical Discharge

Machining' by Ghosh et al. [15], 'Micro Electro-chemical Discharge Machining' by

Fascio et al. [16], 'Electro-Chemical Spark Machining' by Jain et al. [17], and 'Spark

4



Assisted Chemical Engraving' by Langen et al. [18]. The existence of various names

for the process highlights its complexity and the di�erent theories put forth to explain

the nature of electrical discharges. For the sake of clarity and to avoid confusion with

similar processes, this study will exclusively refer to the process as SACE. A timeline

showcasing the most signi�cant developments in SACE is illustrated in Fig. 2.1 Since

2014, research in SACE has branched out into various disciplines, such as process pa-

rameter optimization, gas �lm stability enhancement, discharge mechanism analysis,

material removal improvement, and exploration of di�erent process variants. Each of

these areas will be covered in its respective following section.

Figure 2.1: Notable developments in SACE.

SACE is a versatile non-conventional process for micro-level machining. Its distinct

advantage lies in its ability to machine both conductive materials, such as stainless

steel [19], and non-conductive materials, such as glass [20] and ceramics [21]. This

versatility enables its application in machining a wide range of hard and brittle mate-

rials [22]. SACE is known for its cost-e�ectiveness and straightforward setup, allowing

for the fabrication of features ranging from 1D to 2.5D. It also has the capacity to

drill holes with aspect ratios (Diameter to length) exceeding 10. In addition to main-

5



taining an acceptable resolution with surface roughness of less than 0.5 microns at

a relatively high machining speed (100µm/min) with a minimal need for additional

support systems and consumables [10]. These attributes position the SACE process

as an ideal choice for rapid prototyping of glass micro-parts and devices, such as

micro
uidic chips and biomedical devices [23].

Unlike other micromachining processes, SACE has the capability to eliminate in-

termediate steps in the production of micro
uidic devices by allowing direct glass-to-

glass bonding [24]. In addition, it has the potential to control surface composition

and texture during machining in a single step, setting it apart from most other mi-

cromachining methods. Moreover, it provides an acceptable trade-o� between surface

roughness and aspect ratio compared to other prominent micromachining processes,

as shown in Fig. 2.2.

Figure 2.2: Surface roughness -Ra (nm) vs aspect ratio for micromachining technolo-
gies. Adapted from [25]
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Furthermore, SACE o�ers reasonable machining speeds, as illustrated in Fig. 2.3,

which shows a graph comparing speed and aspect ratio for various micromachining

processes.

Figure 2.3: Speed (� m/s) vs aspect ratio for micromachining technologies. Adapted
from [25]

2.2 Process Characteristics

This section of the literature review focuses on the machining characteristics of SACE.

It includes an overview of the machining mechanism and the key process parameters,

namely, the choice of electrolyte, tools, and electric parameters. Understanding these

machining aspects is essential for comprehending the precision and e�ciency of SACE.

This section lays the groundwork for the subsequent analysis in this master's thesis,

bridging the theoretical framework of SACE with its practical application.
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2.2.1 Machining Mechanism

A basic SACE operation commences with the tool electrode approaching the work-

piece immersed in the electrolyte at a distance typically around 25µm. The power

supply delivers the voltage used to apply potential across both the tool (Cathode)

and the counter-electrode (Anode). Electrolysis occurs, leading to the formation of

gas bubbles, which creates an electrochemical cell. This process is driven by the po-

tential di�erence between the two electrodes, resulting in the generation of hydrogen

and oxygen gas bubbles at the tool electrode and the auxiliary electrode, respectively.

When the applied voltage surpasses the critical voltage (Ucrit ), hydrogen gas bubbles

are generated near the tool electrode at a higher rate than those on the electrolyte

surface. Consequently, the hydrogen gas bubbles tend to accumulate around the tool

electrode, where they coalesce into a larger single gas bubble, forming a hydrogen gas

�lm [26].

The gas �lm functions as an insulator, e�ectively isolating the tool electrode from

the electrolyte and causing current breakdown, resulting in a voltage drop. Further-

more, the isolation of the tool electrode results in a su�ciently high electric �eld

across the dielectric �lm, leading to the occurrence of arc discharge (sparks) [27].

Sparks originate at the sharp edges of the tool electrode due to the high current

density at these regions [28]. During the discharge period, a substantial number of

electrons bombard the workpiece surface near the tool electrode. This electron bom-

bardment elevates the work material's temperature and results in material melting.

In addition, the process is assisted by chemical etching, leading to the erosion of the

workpiece and material removal [29]. The process mechanism can be summarized in

four primary stages: (i) electrolysis, (ii) generation and accumulation of hydrogen

gas bubbles, (iii) bubble coalescence and gas �lm formation, and (iv) sparking, as

illustrated in Fig. 2.4.
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Figure 2.4: Process mechanism of SACE. Referenced from [30]

2.2.2 Process Parameters

SACE, as explained earlier, features a straightforward setup and well-de�ned proce-

dures. However, the literature indicates that multiple process parameters simultane-

ously and directly in
uence the process performance.

Figure 2.5: Cause and e�ect diagram showing SACE parameters.
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Fig. 2.5 illustrates these parameters, classi�ed into six categories: tool electrode,

workpiece, electrolyte, auxiliary electrode, power source, and the presence of gaps

between the two electrodes and the tool-workpiece.The following section will discuss

the major process parameters and their impact on the process.

Electrolyte

The selection of electrolyte plays a critical role in the machining process, as it has

a signi�cant impact on the etching rate, surface quality, and hole overcut [31]. A

summary of the electrolyte e�ects is shown in Fig. 2.6.

Figure 2.6: Summary of the electrolyte e�ect on SACE.

In literature, Sodium Hydroxide (NaOH) and Potassium Hydroxide (KOH) are

the two most commonly used electrolytes, with NaOH known for its high viscosity,

and KOH distinguished by its high conductivity. Additionally, other electrolytes
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such as Sodium chloride (NaCl), Sodium Nitrate (NaNO3), Hydrochloric acid (HCl),

Sulfuric acid (H2SO4) have been used [32]. Generally, alkaline solutions show better

performance compared to acidic ones, as acids tend to increase surface roughness. In

a SACE drilling experiment on soda lime glass, Harugadi et al. [33] compared KOH,

a base solution, and H2SO4, a sulfuric acid solution. The results showed that bubble

generation in the acidic solution was nearly negligible, leading to a poor material

removal rate (MRR). Gupta et al. [34] conducted an experimental comparison of the

MRR and overcut using three di�erent electrolytes (NaCl, NaOH, and KOH) at the

same concentration of 25 wt% during glass drilling.

The results showed that NaOH exhibited a signi�cantly higher MRR compared

to KOH and NaCl, with values being 3.8 and 9.7 times higher, respectively. On

the other hand, KOH resulted in a smaller overcut compared to NaOH and NaCl,

with values being 1.26 and 3.26 times less, respectively. Furthermore, Rajput et al.

[35] investigated the impact of di�erent electrolytes (NaOH, KOH, NaCl) and their

concentrations on the MRR during machining. The �ndings revealed that NaOH

outperformed the other electrolytes, achieving the highest MRR. Additionally, as the

electrolyte concentration increased, the material removal rate improved. The high

MRR with NaOH was attributed to the presence of OH- ions, which play a crucial

role in the etching action.

The levels of electrolyte concentration, in addition to the electrolyte composition,

have an impact on the MRR and surface quality. Kolhekar & Sundaram [36] explored

di�erent concentrations of NaOH electrolyte and found that higher concentrations

promoted thermal mechanism, while lower concentrations enhanced chemical etching.

Conversely, Mallick et al. [37] investigated glass machining with NaOH electrolyte

and observed that increasing the electrolyte concentration resulted in higher MRR

due to a greater frequency of sparking. Madhavi et al. [38] and Bellubi et al. [39]

both also con�rmed that higher electrolyte concentration leads to increased MRR.
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The electrolyte temperature a�ects the SACE process. Jain et al. [40] discovered

that higher electrolyte temperatures enhance conductivity, thereby accelerating the

electrolysis process. This accelerated electrolysis leads to an increased formation of

hydrogen gas bubbles at the cathode, resulting in more frequent sparking and a higher

MRR. The study showed that as the electrolyte temperature rises from 35� C to 80� C,

the conductivity of the electrolyte increases from 345 to 650 mS/cm. This increase in

conductivity leads to improved ionic mobility, thus facilitating the chemical etching

process.

The addition of surfactants to the electrolyte enhances surface quality in SACE.

Laio et al. [41] investigated the impact of adding 0.2% Sodium Dodecyl Sulfate

Surfactant (SDS) to a KOH electrolyte during quartz glass machining, leading to

increased current density and improved machining, thus achieving a 27% enhancement

in etching capability. Similarly, W•uthrich et al. [42] added 20 mL of soap to 200

mL of NaOH electrolyte, resulting in a 25% decrease in critical voltage. In another

study, Sabahi et al. [43] conducted research on the e�ects of adding (SDS) and

cetyltrimethylammonium bromide (CTAB), to the electrolyte. These surfactants were

introduced to 25wt% NaOH and KOH solutions, resulting in the creation of micro-

channels with enhanced MRRs and improved surface quality, as shown in Fig. 2.7.

Figure 2.7: Surface roughness using surfactants (SDS and CTAB) (a) NaOH 25%wt
(b) KOH 25%wt [43].
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Tool Electrode

The tool electrode plays a pivotal role in the SACE process, with its material,

geometry size, wettability, feed rate, and rotation impacting the surface quality of

the machined parts. An overview of the e�ects of the tool parameters is illustrated

in Fig. 2.8.

Figure 2.8: Summary of the tool e�ect on SACE.

Yang et al. [44] conducted a comparative study on the impact of three di�erent

tool materials: tungsten, tungsten carbide, and 304 stainless steel. Notably, tungsten

carbide exhibited the smallest hole diameters and the least amount of tool wear.

Abou Ziki et al. [45] and Zhan et al. [46] did similar studies using three distinct tool

electrodes: tungsten, steel, and 316L stainless steel. Remarkably, 316L stainless steel

demonstrated minimal tool wear due to its highest thermal expansion. Furthermore,

Jawalkar et al. [47] established that stainless steel outperformed copper in terms

of tool wear. The e�ectiveness of textured stainless-steel tools was showcased in
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[48], where MRR and machining depth saw enhancements of 19.27% and 64.81%,

respectively. These experiments also yielded notable reductions in width overcut by

122.26% and surface roughness by 26.96%. Fig. 2.9 outlines the materials researched

in SACE literature.

Figure 2.9: Tool materials researched in SACE. Referenced from [49].

The geometry of the tool electrode signi�cantly in
uences spark consistency, re-

sulting in a range of machining e�ects as indicated in multiple studies [50{53]. The

literature has examined various tool shapes like 
at side walls [54], side-insulated de-

signs [55], spherical tools [50], and needle-shaped con�gurations [56]. These di�erent

shapes have shown enhancements in electrolyte 
ow and surface quality. An overview

of the in
uences of tool shapes is depicted in Fig. 2.10.
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Figure 2.10: Summary of di�erent tool shapes e�ects on the SACE process.

Applied Voltage

Voltage parameters, including magnitude, frequency, and signals-shape, have a

signi�cant impact on gas �lm formation and sparking frequency within the SACE

process, consequently in
uencing both the MRR and machining quality. An overview

of the e�ects of applied voltage is presented in Fig. 2.11.Sarkar et al. [57] conducted

a mathematical modeling investigation and found that the applied voltage has a

predominant in
uence over key parameters such as MRR, overcut, and heat a�ected

zones (HAZ), surpassing the e�ects of electrolyte concentration and inter-electrode

gap. Subsequent researchers have also highlighted the signi�cance of applied voltage

on the MRR [58{60]. Increasing the applied voltage magnitude results in a higher

MRR due to the increased generation of hydrogen bubbles, concluding in ampli�ed

discharge energy within the sparking zone [61]. Moreover, the increase of applied

voltage correlates with a corresponding increase in machining depth because the �eld

emission law suggests that machining speed is an approximate function of applied
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voltage [62]. Lizo et al. [63], investigated the impact of varied voltage levels (35V,

40V, 45V) on MRR. The �ndings showed that the MRR increases as the voltage

is incrementally raised from 35V to 45V, a phenomenon attributed to the rate of

sparking. Nonetheless, excessively elevated voltage levels showed the emergence of

thermal cracks, a trend con�rmed by the work of Cao et al. [64]. In addition, Jawalkar

[65] reported a decrease in MRR due to the accumulation of debris within the spark

gap, thereby impeding the removal of entrapped debris by the electrolyte.

Figure 2.11: Summary of electric parameters e�ect on the SACE process.

The conventional method in SACE machining involved employing a recti�ed DC

voltage; however, this approach was associated with the drawback of inducing overcut

and thermal cracks due to the continuous discharge of thermal energy. Over the last

two decades, the adoption of pulsed voltage in SACE machining has gained popularity

to address these shortcomings. One signi�cant bene�t of utilizing pulsed voltage is its

ability to e�ectively prevent overcut. This capability is attributed to the cooling e�ect
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that occurs during the pulse's o� time. This phenomenon is visually demonstrated

in the machined pro�les illustrated in Fig. 2.12.

Figure 2.12: Micro machining with di�erent applied voltage. (a), (b): DC supply
Voltage 40 V, (c), (d): Pulse supply Voltage 40 V. Referenced from [66]

Furthermore, Kim et al. [67] adopted a pulsed voltage approach, varying fre-

quencies, and duty ratios, to mitigate the impacts of thermal damage. The �ndings

unveiled that an increase in frequency and a decrease in duty ratio correlated with a

reduction in the extent of the HAZ. Zheng et al. [68] con�rmed these observations by

noting a decrease in the time required for gas �lm formation. In their experimental

setup, a pulse on time of 2 ms was chosen for conducting tests with pulsed voltage,

while the pulse-o� time underwent adjustments. Noteworthy is the signi�cant reduc-

tion in entrance diameter from 570� m, when using a recti�ed DC voltage, to 340

� m was applied without any instances of crack formation. However, this approach

resulted in an increase of machining time from 40s to 160s. This phenomenon was

attributed to the constrained discharge energy per unit and the considerable energy
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consumption for electrolyte heating. Moreover, Zhang et al. [69] observed a decrease

in the gas �lm formation time to approximately 0.05 ms as the amplitude of the

applied pulses increased to 25 V. Employing a frequency of 500 Hz and a 50% duty

cycle, it was noted that with a lower magnitude (19 V), the overcut was smaller, and

fewer micro-cracks were detected compared to the conditions at 25 V. However, this

reduction in voltage led to a signi�cant increase in machining time, extending from

48 s at 25 V to 130 s at 19 V. While the pulsed method proves e�ective in improving

machining quality, it introduces the challenge of diminished machining e�ciency.

2.3 Gas �lm

The gas �lm surrounding the tool electrode represents a signi�cant challenge in SACE

applications, primarily attributed to its inherent complexity in terms of control. The

shape of the gas �lm directly in
uences discharge activity, that results in impacting

the machining quality of the process. Furthermore, the gas �lm undergoes continuous

cycles of formation and breakdown throughout the machining process, occurring at

intervals of mere milliseconds. This continuous process substantially a�ects the local

dynamics of electrolyte 
ow around the tool, thus a�ecting the process quality and

e�ciency. The achievement of a stable gas �lm becomes a critical requirement to en-

sure consistent machining outcomes. The instability of the gas �lm has overshadowed

the appeal of SACE for industrial applications. In this section, an overview of the

gas �lm formation mechanism and strategies investigated for enhancing its stability

are discussed.

2.3.1 Gas �lm formation

The gas �lm primarily forms from the coalescence of bubbles formed electrochemically

on the electrode surface and the localized electrolyte evaporation driven by Joule heat-

ing. The generation of hydrogen gas stems from the electrochemical reaction taking

place on the cathode, while oxygen gas generation is induced by the electrochemical
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reaction on the anode electrode. The reactions are outlined as follows:

2H2O + 2e� ! 2(OH)� + H2 (On Cathode)

4(OH)� ! 2H2O + O2 + 4e� (On Anode)

The increase in current density leads to higher bubble density and larger mean

bubble radius. The layer of bubbles around the tool electrode is divided into three

primary regions: the adherence region, the bubble di�usion region, and the bulk

region. Within the adherence region, bubbles adhere to the electrode surface and

undergo growth. During this phase, bubbles mechanically merge. As the bubbles

reach the departure stage, they spread into the bubble di�usion region. In the third

region, gas nears super-saturation close to the bulk electrolyte level, preventing further

bubble expansion [70].

When the applied voltage reaches a critical threshold, the formation of the gas �lm

begins through the coalescence of bubbles. The detachment of bubbles occurs due

to the interaction between buoyancy force and surface tension. While the buoyancy

force propels the bubbles upward, surface tension counteracts this motion. Based

on the current-voltage characteristics in literature [71], the gas �lm formation cycle,

shown in Fig. 2.13, was divided into �ve phases as follows:

� (OA): The Thermodynamic Phase: This phase is at lower voltages (below 2 V),

preventing the 
ow of current and thus electrolysis does not occur.

� (AB) : The Ohmic Phase: During this phase, the current exhibits a linear rela-

tionship with terminal voltage, leading to the formation of a dense bubble layer

around the tool electrode (Electrolysis).

� (BC): The Limiting Current Phase: Within this stage, the average current
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reaches a saturation point, achieving a maximum value (Icrit ), and bubbles

coalesce.

� (CD): The Transition Phase: A gas �lm forms around the tool electrode as the

mean current rapidly decreases. Typically, a current density of approximately 1

A/mm ² is needed for gas �lm development. At this stage, the process's status

could align with either the similar limiting current phase or the arc region,

where machining becomes possible.

� (DE): The Arc Phase: In this phase, the presence of a gas �lm around the tool

electrode is con�rmed, and the tool electrode becomes fully isolated from the

electrolyte. Current is transported through micro-level arc discharges.

Figure 2.13: (a) Schematic of the gas �lm formation process. (b) High speed images
corresponding to the 5 distinct regions of gas �lm formation. (c) The I{U character-
istic curve during SACE.
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2.3.2 Gas �lm characterization

The gas �lm is characterized by its physical and dynamic attributes. Its physical pa-

rameters include the thickness, dimensions, and visual behavior of the gas �lm, which

can be determined through visual assessment using high-speed cameras. However,

visual observation is challenging due to the turbulent nature of gas �lm formation. A

sample of high-speed camera footage of gas �lm formation is shown in Fig. 2.14.

Figure 2.14: Formation of the gas �lm by coalescence. Image taken with a high-speed
camera (Phantom V 9.1) in 35 wt% KOH. (a) Formation of a monolayer of bubbles.
(b) After 5 ms, a thin gas �lm is formed. Refenced from [72].

The dynamic attributes of the gas �lm can be investigated using signal processing,

which involves analyzing the signal patterns of the gas �lm using current-time plots

[73]. Essential dynamic parameters include the average lifetime, mean formation

duration of the gas �lm as well as the standard deviation and frequency of discharge

current. Fig. 2.15 shows an experimental visual illustrating the current-time plot for

a bubble to attain a size that permits coalescence.
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Figure 2.15: Current-time plot graph depicting the impact of di�erent voltages on
gas �lm formation. Referenced from [62].

2.3.3 Gas �lm stability

Improved stability is achieved when the gas �lm exhibits uniformity, reduced thick-

ness, and consistent lifetime. Additionally, minimal 
uctuations in the current sig-

nal, as evidenced by a low standard deviation of discharge current, contribute to this

enhanced stability. The stability of the gas �lm depends on various parameters, in-

cluding the impact of factors like buoyancy force and surface tension attributed to

the temperature gradient between the tool electrode and electrolyte, the electrostatic

force between the bubble and electrode, the wettability of the electrode surface with

nucleation sites, the current density, electrolyte resistivity, tool radius, and the depth

of tool immersion. These parameters are summarized in Fig. 2.16.
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Figure 2.16: Parameters a�ecting the gas �lm.

Three strategies were recognized in literature to enhance gas �lm stability through

reducing its thickness:

(i ) The utilization of hydrodynamic 
uxes

This strategy can be achieved by adopting either tool rotation or electrolyte ro-

tation. Tool rotation introduces hydrodynamic e�ects that e�ciently reduce the gas

�lm thickness. Gautam and Jain [74] conducted a study to explore the potential

of di�erent tool kinematics. They observed enhanced gas �lm stability when uti-

lizing a rotational tool with controlled feed. Furthermore, they noted a signi�cant

improvement in the maximum achievable machining depth when employing a tool

with rotational motion.

(ii ) Controlling density of bubble nucleation sites

Enhancing the density of nucleation sites for bubble formation involves control-
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ling the spacing between active nucleation sites. This strategy can be achieved by

increasing tool wettability, which can be done by applying surfactants [42]. Laio et

al. [41] found that the introduction of the sodium dodecyl sulfate (SDS) surfactant

into the electrolyte led to an increase in current density. This resulted in increased

bubble release, brighter sparks, and a more stable current during the machining pro-

cess.Moreover, Jiang et al. [75] pointed out that both surface tension and electrolyte

density in
uence bubble development and �lm evolution. The square root of surface

tension and electrolyte density demonstrates a linear correlation with the thickness

of the gas �lm.

To mitigate overcutting during machining, the introduction of a surfactant to the

electrolyte, which reduces surface tension, provides a method for reducing gas �lm

thickness. This approach leads to lowered voltage and current requirements for ma-

terial removal. An alternative strategy for enhancing bubble nucleation involves in-

creasing the electrolyte concentration, thereby accelerating the electrolysis rate. This

heightened electrolysis results in a greater quantity of (OH � ) ions, leading to a reduc-

tion in surface tension. This reduction contributes to a thinner gas �lm and ultimately

improves machining accuracy [76].

(iii ) Applying pulsed voltage

The third strategy involves achieving gas �lm stability by intentionally generating

and destroying the gas �lm in a controlled manner through the use of a pulsed voltage

supply. The regulated cycle of building and destroying the gas �lm contributes to re-

duced 
uctuations and enhanced machining reproducibility by reducing the thickness

of the gas �lm. Experimental investigations con�rm that the adoption of pulsed volt-

age enhances gas �lm stability, thus leading to a reduction in thermal damage during

micro-drilled hole fabrication [77] and an improvement of over-cut in micro-groove

machining [66].
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Another strategy for achieving gas �lm establishment at lower voltages capitalizes

on the hysteresis e�ect. As initially described by Kellogg in 1950 [78], once a gas �lm

forms at a terminal voltage U exceeding Ucrit , it becomes possible to slightly lower

the voltage by 1-2 V below the critical threshold without losing the presence of the

gas �lm around the tool. This hysteresis phenomenon occurs due to the dynamics

of bubble formation on the tool, as outlined by W•uthrich et al. [11]. However, this

method has never been used in practical applications until now.
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Chapter 3

Methodology

In this section, an explanation of the methodologies employed to execute the experi-

mental work outlined in the thesis is provided. A detailed account of the experimental

setups, the strategies implemented for experiment control, the design of experiments,

and the analysis methods employed to evaluate the gas �lm stability in this study are

presented.

3.1 Gas �lm setup

The following section outlines the experimental setup employed to investigate gas �lm

behavior, which was derived from the con�guration employed in [79], as illustrated in

Fig. 3.1. In this arrangement, machining operations were not conducted.

Figure 3.1: A typical gas �lm setup employed in the experiments done by Wuthrich
et al. Referenced from [79]
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The setup employed in this work is shown in Fig. 3.2. The processing cell was

mounted on a stationary acrylic stage, restricting movement along the x-axis and

y-axis. The machine tool head facilitated motion in the z-axis with a resolution of 0.1

mm/step controlled by an external Arduino board connected to a NEMA 17 stepper

motor. The Arduino board received its commands from a Universal Gcode sender

(UGS) platform, where calibration, speed adjustments, and movement commands

were executed through a GRBL �rmware. A cylindrical stainless-steel tool with

a diameter of 500� m and a steel circular-shaped ring served as the cathode and

anode, respectively. The electrodes were connected to a Kepco BOP 4000 W DC

power ampli�er. A Tektronix AFG 1022 signal generator was used to determine

the applied voltage, waveform, duty cycle, and frequency. Subsequently, the power

was ampli�ed through the Kepco ampli�er. The processes current was measured

through a Tektronix TCP 0020 current probe and collected using a Tektronix TBS

2000 oscilloscope. The data obtained from the oscilloscope was saved in CSV format

and used to generate signal plots in MATLAB for signal processing.

Figure 3.2: Gas �lm setup employed in the characterization experiments.
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3.2 High-Speed Camera Insights

In this section, the role of the high-speed camera in capturing and analyzing the

dynamic behavior of the gas �lm surrounding the tool is explored. This visual ex-

ploration encountered three signi�cant challenges, each of which was addressed to

achieve the necessary visual quality for proper footage analysis.

3.2.1 Gas Film Visualization

The �rst challenge was related to the rapidity of gas �lm formation and breakage, a

process occurring within mere milliseconds. In order to visualize the gas �lm with

adequate speed and detail, the frames per second (fps) parameter was investigated.

Frame rates spanning from 2000 to 100,000 fps were recorded to determine optimal

visual quality. A comparison of images acquired at di�erent frame rates is depicted

in Fig. 3.3.

Figure 3.3: Bubble formation around the SACE tool at various frames per second:
(a) 2000 fps (b) 5000 fps (c) 10000 fps (d) 20000 fps (e) 50000 fps (f) 100,000 fps.
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The increase in fps allowed for the capturing of the gas �lm with greater detail, as

the videos were subsequently slowed down to 30 fps during post-processing to generate

videos. However, this increase posed signi�cant hurdles, as the high fps shortened the

amount of light that was hitting the camera sensor and creating the image. As a

result, the image became much darker. To counteract this, three strategies were

implemented. The �rst approach involved opening the camera aperture, or in other

words, adjusting the lens diaphragm to allow more light. Although the allowance of

more light improved the lighting conditions, it came at the expense of the quality of

focus. Therefore, it was carefully controlled to allow as much light as possible without

signi�cantly degrading the image quality during recording.

The second strategy involved the utilization of dedicated camera software, the

Photron Fastcam Viewer (PFV4), to enhance the image using look-up tables (LUT).

LUT allowed color grading of the images, thus improving image brightness. This

was done with the assistance of an experienced professional photographer. The third

strategy involved increasing the light sources on the subject. Light-emitting diodes

(LED) light sources were the cheapest and easiest way to add more light to the

subject; however, the camera was able to capture the light 
ickering of the LED

light. Therefore, halogen light sources were employed to tackle this issue.

Adequate illumination was attained by positioning two Lowel Omni-Light 500W

Focus Flood Lights, each equipped with an illuminance of 475 footcandles, at a 45-

degree angle with respect to the subject. The trajectory of the light could be char-

acterized as upward and inward, intersecting at the subject to produce overlapping

regions of illumination. The angle at which the light sources were positioned had a

signi�cant impact on the lighting outcome. When the light sources were placed at an

angle, the resulting shadows were more pronounced. Conversely, if the light sources

were directly positioned in front of the subject, the shadows were less noticeable. The

choice of a 45-degree angle was chosen to create a dynamically balanced lighting e�ect

that enhanced the visibility of the gas �lm with reduced shadows.
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3.2.2 Application of Macrophotography

The second challenge stemmed from the subject's small size. With a tool diame-

ter of 500 � m , focusing on it presented a challenge for normal lenses. To address

this concern, an exploration into macrophotography or close-up photography was un-

dertaken. Macrophotography involves capturing extreme close-up images, often of

miniature subjects and living organisms like insects, where the subject's size in the

photograph surpasses life size. While the usual parameters used in macrophotogra-

phy, such as shutter speed and resolution, were adjusted in accordance with the �eld's

practices, the camera lens in possession (AF-S DX NIKKOR 18-55mm f/3.5-5.6G VR)

was deemed inadequate for this speci�c photography genre.

Figure 3.4: Gas �lm visualization around the SACE machine tool before (a) and after
(b) applying macrophotography practices.

Consequently, three extension tubes of varying lengths (12 mm, 20 mm, and 36

mm) were �xed to the camera lens. Extension tubes extend the distance between

the lens and the camera's digital sensor, thus bringing the lens closer to the subject

and enhancing magni�cation. The lens's focal length was elongated to 121 mm after

the addition of the tubes, and manual focus was employed to �ne-tune the focus

on the subject. Macrophotography comes with the drawback of an exceptionally

narrow depth of �eld. However, this limitation was addressed by making physical
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adjustments to the gas �lm setup, allowing the lens to be safely positioned as closely

as possible to the subject, thus addressing the challenge of depth of �eld. The e�ect

of the macrophotography practices can be seen in Fig. 3.4.

3.2.3 Recording Procedures and Camera Settings

To start recording, the Nova S12 Fast Cam was securely mounted on a tripod posi-

tioned just a few centimeters (< 15cm) away from the the tool positioned at the center

of the processing cell. The camera was manually adjusted to focus on both the tool

and forming gas bubbles. During the recording phase, the camera was programmed

to record durations lasting 0.5 seconds. An overview of the camera con�gurations

selected in this study to obtain high quality visuals while e�ectively matching the

process rapidity is presented in Table 3.1 and a schematic of the setup is shown in

Fig. 3.5.

The utilization of a high-speed camera for this analysis facilitated the visualization

of the gas �lm under various conditions, e�ectively providing valuable insights that

could be aligned with the corresponding recorded current signal data. The third

challenge encountered in employing the high-speed camera related to synchronizing

the captured footage with the current signal plots recorded on the oscilloscope. This

challenge was met by implementing a MATLAB algorithm to synchronize the footage

and signal plots.

Table 3.1 High speed camera settings.

Settings Values

Frame rate per second 50,000 fps

Shutter speed 1/100000 sec

Resolution 512 x 384

Frame count 25,000

Duration 0.5 sec
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